To study the stability of underground powerhouse at Houziyan hydropower station during excavation, a microseismic monitoring system is adopted. Based on the space-time distribution characteristics of microseismic events during excavation of the main powerhouse, the correlation between microseismic events and blasting construction is established; and the microseismic clustering areas of the underground powerhouse are identified and delineated. The FLAC3D code is used to simulate the deformation of main powerhouse. The simulated deformation characteristics are consistent with that recorded by microseismic monitoring. Finally, the correlation between the macroscopic deformation of surrounding rock mass and microseismic activities is also revealed. The results show that multiple faults between 1# and 3# bus tunnels are activated during excavation of floors V and VI of the main powerhouse. The comprehensive method combining microseismic monitoring with numerical simulation as well as routine monitoring can provide an effective way to evaluate the surrounding rock mass stability of underground caverns.
Introduction
High mountains and steep roads are distributed in the southwest region of China and therefore many large-scale hydropower projects cannot avoid constructing underground caverns. Usually, the prominent problems of the underground caverns such as the complex geological conditions, large burial depth, high stress, and strong construction disturbance seriously threaten the stability of surrounding rock mass during excavation. As a result, security incidents caused by excavation are often encountered. Specifically, on August 23, 2013, a landslide occurred during excavation of the spillway tunnel on the left bank of Houziyan hydropower station, killing 5 people; on November 28, 2009, an extremely strong rock burst occurred on the construction drainage tunnel of Jinping-II hydropower station, destroying the entire support system, seriously damaging TBM equipment, and killing 7 people [1] ; on December 16, 2008 , a landslide occurred on the upstream side of the vault part due to blasting excavation on the upstream side of the main powerhouse in Dagangshan hydropower station, with the landslide amount reaching 2968 m 3 [2] . The stability analysis on underground caverns during excavation can not only prevent the occurrence of security incidents but also play a significant role in subsequent construction and selection of support parameters.
Traditional monitoring (such as the multipoint displacement meter, bolt stress meter, and geophysical prospecting instrument) [3, 4] and numerical simulation [5] [6] [7] are commonly used for evaluating the stability of the underground caverns during excavation. Most traditional monitoring methods determine the rock stability depending on the deformation characteristics or mechanical parameter assessment at the monitoring point (line or area). However, the monitoring data has certain limitations in space, and the minor failure of surrounding rock before deformations can hardly be monitored. The numerical simulation method is simple and convenient, quantitatively showing parameters such as the stress and strain of each part of surrounding rock and evaluating the potential risk area of surrounding rock through series of numerical analysis and calculations. However, it cannot completely consider the real mechanical parameters and stress status of rocks, and the simulation results may be quite different from the actual failure area. As a new monitoring method, microseismic monitoring allows receiving the microfracture signal (microseismic event) of internal rock before rock macroscopic deformations, conducting back analysis on the microfracture occurrence time, position, and magnitude (i.e., time, space, and intensity) as well as deducing the rock failure degree and forecasting the development trend of the deformation and displacement by using the 3D distribution density of the rock microfracture [8] . In recent years, the microseismic monitoring technology has been gradually promoted and applied to the hydropower field in China [9] [10] [11] .
In this paper, we conducted extensive studies based on previous researches [12] . In particular, we delineated the potential instability and failure areas and described their formation during excavation of underground cavern surrounding rock, based on geological materials, field construction, and the space-time distribution characteristics of microseismic events during excavation of floors V and VI of the main powerhouse. Moreover, we compared simulation results with monitoring data of the multiple position extensometers and comprehensively evaluated the stability of the underground powerhouse during excavation. The research results can provide a basis for support parameters and subsequent excavation of the main powerhouse and important reference for similar underground engineering practices.
Engineering Background

Overview of Geological Conditions.
For details about the cavern layout of the underground powerhouse system and overview of Houziyan hydropower station, refer to the paper of Li et al. [12] . The underground powerhouse area has complex geological conditions. Figure 1 shows the section of 2# bus tunnel in the axial direction. Multiple interlaced secondary faults develop on the small section of the bus tunnel, inclining to the free face of the downstream side wall in the main powerhouse. Many joints and cracks exist in some area of the downstream side wall of the main powerhouse vault and tailrace surge chamber. Surrounding rocks mainly consist of class III limestone and dolomitic limestone. The attitude of stratum is N50
The rock is generally complete and compact with uniaxial tensile strengths ranging from 60 to 100 MPa.
The unloading and failure problems of surrounding rocks are prominent during excavation of the main powerhouse, and the downstream side wall frequently shows loosening, cracking, and side falling phenomena. To identify and delineate the potential instability area of surrounding rocks in advance and take effective support measures to avoid dangerous accidents, the Canadian ESG monitoring equipment is adopted to conduct analysis on surrounding rock stability during excavation of the main powerhouse [2, 4] .
Microseismic Monitoring.
The microseism refers to the quake in form of seismic wave generated as rocks crack in a local area due to certain causes (such as engineering excavation) [8] . A transducer is installed within a certain area of rocks to receive seismic wave information; the processing software is adopted to process and analyze seismic wave information; then hypocenter information such as the microseismic event occurrence time, hypocenter position, moment magnitude, and released energy can be calculated. Parameter information such as the microseismic event density, seismic moment, and released energy is used to reveal the deformation and failure evolution laws of surrounding rock as well as to predict and evaluate rock stability.
The ESG microseismic monitoring system is mainly composed of the acceleration transducer, Paladin digital signal acquisition system, and Hyperion digital signal processing system. The microseismic monitoring area in the underground cavern groups of Houziyan hydropower station centers on surrounding rocks of the vault as well as upstream and downstream side walls of the main powerhouse and covers surrounding rock of some pipelines including the pressure pipeline and pipelines on the upstream side of the transformer chamber and tailrace surge chamber. Other details about the transducer spatial arrangement, system performance, parameter settings, and system topology of the microseismic monitoring system can be referred to Li et al. [12] .
Microseismic Activity Characteristics and Stability Evaluation during Excavation of the Underground Powerhouse
Analysis on the Microseismic Activity Frequency during
Excavation. In early November 2013, during the excavation of floors V and VI (EL. 1693∼1680 m) of the main powerhouse of the Houziyan hydropower station, system support for the transformer chamber and bus tunnel lining were completed. By January 15, 2014, excavation of floors V and VI of the main powerhouse had been completed. During excavation of the main powerhouse, from November 10, 2013, to January 15, 2014, 288 microseismic events were obtained within an affective range after waveform adjustment and interference event identification and elimination. Figure 2 shows the occurrence time and activity frequency of microseismic events. From November 10 to 21, 2013, and from late December 2013 to early January 2014, the microseismic events frequently occurred. Analysis on the blasting construction revealed that blasting construction of the main powerhouse frequently occurred during the preceding two periods and the excavation-induced strong unloading greatly disturbed rocks and caused amounts of rock microfractures to initiate and develop. In particular, two events with the highest activity frequency occurred on January 4 and 6, that is, 11 times/day and 14 times/day, respectively. According to Table 1 , there were fewer main powerhouse blasting events from January 4 to 10 but the overall frequency of microseismic events reached the highest. Analyses are conducted based on the blasting position and geological conditions of the main powerhouse. Multiple fault and soft structural planes grow in surrounding rocks on the downstream side of the main powerhouse. On December 28 and 29 and on January 2 and 5, strong blasting occurred many times on the second half of the main powerhouse. The faults near the blasting position were activated. From January 4 to 10, surrounding rock was still in the stress adjustment period and the soft structural plane was likely to show stress concentration, inducing a large number of microfractures. The time distribution of microseismic events reveals well the impact of dynamic construction on surrounding rock failure. Microseismic events tend to be abundant during the frequent blasting excavation period. Surrounding rock failure caused by blasting excavation includes the coupling effect of blasting impact load and rock dynamic unloading. The stress wave caused by blasting directly acts on side walls around the blasting point, resulting in failure of surrounding rock cracking on the free face, causing certain disturbance to deep rock and inducing the surrounding rock failure such as the rock microfracture and even rock burst [13] . The surrounding rock failure caused by dynamic unloading plays a leading role [14] . Excavation-induced unloading causes new free faces, breaks the initial stress balance, redistributes stress adjustment, and causes stress and energy concentration on local surrounding rock and even rock microfractures after a certain degree of stress and energy concentration.
Identification Method of the Potential Instability Area in the Underground Powerhouse Based on Microseismic Monitoring.
The spatial distribution of microseismic events during excavation of floors V and VI of the main powerhouse is shown in Figure 3 . The sphere refers to the microseismic event, sphere size refers to energy, and different colors refer to the moment magnitude.
According to Figure 3 , microseismic events are mainly distributed between 1# and 3# bus tunnels, forming a band from the small section vault of the bus tunnel to the downstream side of the main powerhouse. After excavation of floors V and VI of the main powerhouse, surrounding rocks between bus tunnels show multiple free faces such as the powerhouse downstream side wall face, bus tunnel face, and transformer chamber upstream side wall face. Moreover, the original stress balance is broken and stress adjustment is redistributed. The initial triaxial stress status 
Main powerhouse
Main transformer chamber changed to the biaxial and even uniaxial stress status; and the stress concentrates on the local position (high stress and high stress difference areas such as the soft structural plane) [1] . According to the geological section at an elevation of 1704.85 m (small section vault of the bus tunnel) in Figure 3 , the change of the stress status causes the occurrence of a large number of rock microfractures near the soft structural plane such as f1-1-3, fm1, and fm4. The elastic energy accumulates and is released until a new stable stress balance status is formed [15] [16] [17] . Figure 4 shows the cloud chart of microseismic events, intuitively revealing the failure status of surrounding rock between 1# and 3# bus tunnels of the underground powerhouse, which agrees well with the spatial aggregation characteristics of microseismic events. Constant excavation of the lower rock of the powerhouse causes some fault footwall to be exposed, degrades mechanical parameters of rocks in the excavation failure area, and possibly results in the potential instability area controlled by the fault. Figure 5 shows multiple cracks discovered in 2# bus tunnel during excavation. It is thus recommended to increase the number of anchor ropes or take other deep support measures to prevent local instability and failure of surrounding rock.
Comparative Analysis on Numerical Simulation and Microseismic Monitoring Results of Underground Powerhouse Stability
The FLAC3D code [18] is used to simulate the stability of a cross section (stake: 0 + 70 m) at the main powerhouse (between 2# and 3# bus tunnels) subjected to excavation. The model considers the impact of faults including f1-1-3, fm1, and fm4. The Mohr-Coulomb yielding criteria are adopted. The numerical model is shown in Figure 6 and the surrounding rock mechanical parameters are tabulated in Table 1 . Figures 7 and 8 show the displacement contour maps after excavation of floors IV and VI of the main powerhouse, respectively. It can be seen that during excavation of floors V and VI, deformations increase obviously, especially the surrounding rocks in the fault-controlled area near the main powerhouse downstream side wall; the displacement increases approximatly 15 mm, with the total deformation reaching about 30 mm. The largest deformation of the surrounding rocks appears at the border of the bottom plate and downstream sidewall. The excavation-induced unloading greatly disturbs the fault area. Meanwhile, it causes some fault footwall to be exposed and results in fault deformation near the surface and stress concentration in multiple places, which is delineated as the potential instability area of surrounding rock.
Figures 9(a) and 9(b) illustrate the contours of the maximum and minimum principal stress after excavation of floor VI of the main powerhouse, respectively, and the positive value represents tensile stress while the negative value represents compressive stress. The maximum principal stress concentration mainly occurred in the fault-controlled area near the downstream sidewall of the main powerhouse. Obvious stress concentration ccurred at the boundaries of the bottom plates and the sidewalls of the three main caverns. At the boundary of the bottom plate and downstream sidewall of the main powerhouse, the maximum principal stress reaches approximately −100 MPa, which is in good agreement with the deformation characteristics. The value of the minimum principal stress near the main powerhouse downstream sidewall is relatively small. Especially in the fault-controlled area and around the excavation face, the minimum principal stress equals zero, which tends to induce more microseismic events. Figure 10 shows the seismic deformation contour of the cross section (stake: 0 + 70 m) in the main powerhouse revealed by microseismic events. The lighter the color is, the larger the deformation is. The major deformation area caused by excavation of floors V and VI of the main powerhouse is inclined to the downstream sidewall of the main powerhouse along the fault face direction and the largest seismic deformation concentrates at the boundary of powerhouse excavation floor and downstream sidewall. It can be seen that the numerical simulation results are consistent with the characteristics of microseismic activities. The surrounding rock deformation of the underground powerhouse is mainly controlled by the faults, indicating that the faults and soft structural planes are one of the main factors affecting surrounding rock mass stability of the underground powerhouse subjected to excavation.
Relation between Surrounding Rock Deformation and Microseismic Activities of the Underground Powerhouse
Routine Monitoring Description.
The routine monitoring methods of the underground powerhouse include the multiple position extensometer, bolt stress meter, anchorage dynamometer, and joint meter. During initial powerhouse construction, routine monitoring provides a reliable basis for stability analysis. Based on the data characteristics of the multiple position extensometers in the microseismic event gathering area, this paper tries to establish the internal relation between the microseismic activity and the surrounding rock deformation during excavation of the underground powerhouse, explores the deformation mechanism of surrounding rock, and comprehensively analyzes the surrounding rock stability of the underground powerhouse [2, 19] . Figure 11 shows the arrangement of the two multiple position extensometers (M 
Relation between Surrounding Rock Deformation and
Microseismic Activities. Figure 12 shows the absolute displacement change curves of multipoint displacement meters M Comprehensive analysis on the geological conditions, construction status, and deformation characteristics reveals that the deformation near the orifice was mainly dominated by tension after surrounding rock excavation unloading at large burial depth with high in situ stress. After the new surface is formed after excavation, the surrounding rocks between the main powerhouse and transformer chamber bear large vertical compressive stress; deep rock shows the shear failure along the fault direction; the area within 15 m shows large deformations [2] . Figure 13 shows the apparent stress change curve of microseismic events with time. The apparent stress refers to the stress releasing level at the hypocenter [8, 20] . According to the quantitative seismology theory, the hypocenter stress is an important hypocenter parameter to measure seismic intensity. The apparent stress can be expressed by energy and seismic moment as
In the preceding formula, is the apparent stress; is the shear modulus; is the seismic energy; 0 is the scalar seismic moment.
According to Figure 13 , the apparent stress of microseismic events increases (indicated by the vertical arrow in the figure) before the two periods of surrounding rock deformations and during the deformation period. Figure 14 shows the spatial distribution of microseismic events during the deformation period and a week before two deformations. It can be seen that microseismic events show obvious spatial aggregation before surrounding rock deforms and during the deformation period. Therefore, based on the spatial aggregation characteristics and apparent stress parameter changes of microseismic events, effective predictive analysis can be conducted on surrounding rock deformations in the underground powerhouse [21, 22] .
Conclusions
Based on the space-time evolution of microseismic activities during excavation of the underground powerhouse of Houziyan hydropower station, the relationship between microseismic activity and blasting construction is established, and the potential instability areas of surrounding rock in the underground powerhouse are identified. The simulated deformation mechanism of the underground powerhouse is obtained, which reveals the correlation between surrounding rock deformation and microseismic activities. Some conclusions are drawn as follows.
(1) The number of microseismic events is closely related to blasting excavation of the main powerhouse. During the excavation period, microseismic events occur frequently and vice versa. During excavation of floors V and VI (EL. 1693∼1680 m) of the main powerhouse, microseismic events mainly concentrate in the fault-controlled areas such as f1-1-3, fm1, and fm4 between 1# and 3# bus tunnels, forming a band that is the potential instability and failure area revealed by microseismic events. Due to serious failure on deep surrounding rock, enhancing deep support measures and strictly controlling the explosive load and art for blasting are recommended.
(2) It is revealed that the excavation process of the typical section (stake: 0 + 70 m) in the underground powerhouse is simulated and the largest surrounding rock deformation concentrates at the boundary of powerhouse floor and downstream sidewall and that the major deformation growth area locates near the fault. The deformation simulation results agree well with seismic deformations revealed by microseismic monitoring, indicating that faults and soft structural planes greatly affect the stability of the underground powerhouse subjected to excavation.
(3) The routine monitoring data indicates that the deformation in the gathering area of microseismic events during excavation of the main powerhouse shows two stepped growths and microseismic events gather in this area, accompanied with an increase in apparent stress before and during each deformation of surrounding rock. Therefore, the microseismic activity represents a precursor of surrounding rock deformation. The microseismic monitoring technology can thus be used to forecast the stability of surrounding rock subjected to excavation in underground engineering.
